Laser-induced-fluorescence techniques have been used successfully for quantitative two-dimensional measurements of nitric oxide. NO A-X͑0, 2͒ excitation at 248 nm recently found applications in internal-combustion engines. We assess the collisional processes that influence quantification of signal intensities in terms of saturation, rotational energy transfer, and line broadening, using laminar highpressure methane͞air and n-heptane͞air flames at pressures as high as 80 bars ͑8 ϫ 10 6 Pa͒. A calibration method that is applicable in technical combustion systems based on addition of NO to the burning flame is investigated for various air͞fuel ratios and pressures and yields information about the influence of NO reburn processes.
Introduction
Detection of nitric oxide ͑NO͒ during combustion is of particular interest because NO is a major combustion-generated pollutant. Because automotive engines play an important role in the overall production of NO and because further restrictions on release of NO into the atmosphere can be expected, measurement of NO in high-pressure processes is a subject of much interest. Laser-induced fluorescence ͑LIF͒ has been applied successfully for measurement of two-dimensional NO distributions in engine combustion. Short-wavelength excitation schemes that use 193-nm ͑Ref. 1͒ or 225-nm ͑Ref. 2 radiation suffer from laser attenuation when they are applied in spark-ignited engines 3 because of absorption by transient hydrocarbon species and hot CO 2 . 4 Dec and Canaan showed the feasibility of NO A-X͑0, 0͒ excitation under ideal conditions of Diesel combustion with a low-sooting fuel. 5 Excitation of the NO A-X ͑0, 2͒ band at 248 nm ͑Ref. 6͒ has been shown to give full access to the combustion chamber, even at peak pressures, in spark-ignited engines. [7] [8] [9] Practical considerations of the advantages and disadvantages of two NO A-X excitation schemes are discussed in Refs. 4, 9, and 10 and are not considered further here. The longer excitation wavelength reduces the risk of generating unwanted interfering fluorescence from hydrocarbons in fuel-rich or from O 2 Schumann-Runge emission in fuel-lean regimes. 2, 3 This property can be an advantage for applications in technical combustion, particularly at elevated pressures. In any case, for quantitative interpretation of the signals obtained from LIF measurements the spectral properties that govern the excitation efficiency and the fluorescence quantum yield have to be known. Fluorescence intensities are influenced by numerous collisional processes that change the fluorescence quantum yield by quenching, influence the spectral distribution of emitted light by rotational energy transfer in the excited state, change the saturation properties and thus the linear response in excitation intensities by energy transfer in the ground state, and affect the excitation efficiency by collisional line broadening. These effects are investigated for several pressures as high as 80 bars ͑8 ϫ 10 6 Pa͒ for laminar methane͞air and n-hep-tane͞air flames. Spectroscopic studies and calibration techniques were reported previously for ͑0, 0͒ excitation; in this paper these issues are discussed for the ͑0, 2͒ transition. Quantification of LIF measurements is usually done by calibration to account for the unknown response of the detection system. Because of the small population of vЉ ϭ 2 at room temperature, a source of hot NO has to be provided for calibration purposes. An in situ calibration method that uses NO seeded to the burn gases is studied here for a wide range of pressures and air͞fuel ratios. Because NO concentrations are affected by flame chemistry, especially under fuel-rich conditions, operating conditions in which this calibration yields reliable results have to be assessed.
Theoretical Background
The dependence of NO LIF intensity I LIF is given by the relation
Relation ͑1͒ holds as long as the excitation intensity does not exceed the linear range where the fluorescence signal is proportional to the incident laser intensity I Laser , and I LIF depends on the number density of the excitable molecules ͑which is the number density N NO of the species times the Boltzmann fraction f B , which yields the population of the initial level i͒, the Einstein B ik coefficient for absorption i 3 k, the spectral overlap g ͑ p, T͒ of the laser profile and the NO absorption spectrum, and the fluorescence quantum yield A͑͞⌺A ϩ Q͒, where A and Q are decay rates that are due to spontaneous emission and electronic quenching. For NO at atmospheric pressure and above, the denominator in relation ͑1͒ is dominated by electronic quenching Q͑ p͒. No further depopulation processes of the excited levels such as predissociation occur for the levels under study. A variety of species-specific quenching data are available for the vЈ ϭ 0 state, 11, 12 which allow Q to be computed if the gas composition is known. The total quenching rates scale linearly with pressure. It has been shown that they are more-or-less constant for many engine conditions. 8, 12 Rotational energy transfer ͑RET͒ in the excited state causes a variety of transitions from different rotational levels that were not originally populated by laser excitation. If changes in the overall RET occur for different conditions during a measurement series, a filter function f kj has to be included to account for wavelength-dependent detection efficiencies. The Einstein A and B coefficients can be calculated from spectroscopic data. 13 Pressure-and temperature-dependent broadening and shifting of the rotational fine-structure changes the overlap g ͑ p, T͒ of the absorption spectrum with the laser line profile 3, 14, 15 and thus influences the excitation efficiency.
The temperature dependence of the population of the probed ground-state level in the range of 5%͞100 K for flame temperatures that are typical for internal engine combustion ͑Ͼ2000 K͒ is described by the Boltzmann function. Therefore corrections for temperature effects are feasible when local temperatures are known from measurements 7 or calculations. 8, 16 The linear response of the LIF intensity to laser intensity is limited by saturation effects and depletion of ground-state population. 17 For data evaluation it is essential to know whether the linear assumption applies. Whereas saturation intensities of single transitions can be calculated with rateequation models by use of the transition probabilities given by the Einstein coefficients, 18 in practical applications RET processes in the ground state and in the excited state as well as collisionally induced linebroadening effects have to be considered.
RET in the excited state populates several levels within the rotational manifold, whereas only a single transition that is resonant with the laser frequency can be depopulated by photoinduced processes. If the duration of the laser pulse is not long compared with the time necessary to reach steady state in population of the rotational manifold, pressure changes the proportion of molecules that are prone to induced emission. Furthermore, RET in the excited state may cause the spectral distribution of emitted light that is due to population of the rotational states to be different from that for the level that is directly populated by laser excitation. 18 If transition probabilities exhibited strong variations with rotational excitation, an additional pressure dependence of signal intensities would be introduced into the measurements.
Ground-state depopulation is an additional effect that has to be taken into account. RET in the ground state causes thermalization of the population of the ground-state levels on a nanosecond time scale for atmospheric-pressure conditions. 18 In highpressure systems the increasing frequency of collisions thus extends the range of linear signal response owing to shorter fluorescence lifetimes and faster repopulation of ground-state energy levels by means of RET as long as ͑i͒ the rotational relaxation is faster than the electronic quenching 19 and ͑ii͒ the overall population of the ground-state rotational manifold is not depleted, as could occur if electronic quenching from the excited-state led preferentially to high-lying vibrational levels in the electronic ground state.
With increasing pressure, collisionally induced line broadening leads to weak excitation of a great number of different rotational levels because of the high spectral density of the NO absorption spectrum. This effect tends to wash out the saturation effect, leading to an increased range of intermediate incident laser energy densities in which neither linear dependence of LIF on laser energy nor full saturation is found.
From relation ͑1͒, semiquantitative NO concen-trations can be obtained in the linear range if all the corrections mentioned above are applied. Quantification, however, requires the knowledge of the detection probability determined by the detection system. This value is usually obtained from calibration procedures. Different attempts at calibration have been made with Raman or Rayleigh scattered light 20, 21 to investigate the imaged solid angles and the detection efficiency of optics and detectors. However, to include transmission effects of filters used for detection it is advantageous to calibrate with the species that is to be measured. For NO LIF measurements with excitation in the A-X͑0, 0͒ band, the investigated volume can be filled with gas mixtures that contain known concentrations of NO. This calibration information could be transferred to other excitation schemes if the same excited levels were reached. The need for access to two different wavelength ranges, however, hinders the use of this method in practical applications. Direct calibration in the NO A-X͑0, 2͒ band at 248 nm is possible by doping of known quantities of NO to the burn gases, thus providing hot NO in the flame with sufficient population in the initial vЉ ϭ 2 level. Apart from having identical experimental parameters for the calibration, this procedure has the additional advantage of providing a chemical and physical environment that closely resembles the actual system under investigation in terms of temperature, pressure, collisional environment, saturation etc. Therefore any spectroscopic property, such as spectral distribution of the fluorescence or linewidth, affects the calibration only to the extent that it changes as a result of an interaction between the added NO and the flame. By a careful choice of the dopant levels, this interaction can be kept small or at least controllable, as we discuss in the following sections. Consequently, the extent to which added NO is affected by flame chemistry must be carefully determined. Any NO 2 that was formed from NO ϩ O 2 in the unburned gases will instantaneously decompose at high temperatures to recycle NO. 22 Reburn reactions are known to reduce the NO concentration, especially under fuel-rich conditions. 23 On the other hand it has to be determined whether the NO dopant significantly changes the flame in terms of flame speed and temperature.
Experiment
Laminar, premixed methane͞air and premixed prevaporized n-heptane͞air flames with equivalence ratios from ϭ 0.9 to ϭ 1.8 at pressures of 1-80 bars were stabilized upon a sintered bronze plate. 24 This plate, of 8-mm diameter, was mounted in a stainless-steel housing with an inner diameter of 60 mm. The pressure could be stabilized to Ϯ0.03 bar. NO diluted in nitrogen ͑10% NO͒ was added to the gas mixing system to yield various NO concentrations of 0 -1300 parts in 10 6 ͑ppm͒. For the measurements of saturation effects and excitedstate RET the NO dopant concentration was fixed to 400 ppm. Optical access to the flame was possible via four quartz windows ͑Fig. 1͒. The beam of a frequency doubled dye laser ͑FWHM, 0.25 cm Ϫ1 ; pulse length, 4 -5 ns; Lumonics Hyperdye HD500 pumped at 355 nm with a Quanta Ray GCR-270 Nd:YAG laser doubled with a ␤-barium borate crystal in a Lumonics Hypertrac 1000 frequency doubling unit͒ was tuned to the NO A-X͑0, 2͒ O 12 bandhead at 247.94 nm. It was aligned parallel to the burner surface ͑distance, 1.5 mm͒ passing the flame through the center. The pulse energy was measured with a fast photodiode calibrated against a Scientech powermeter. With a spherical telescope, a beam diameter of 0.75 mm was generated. For saturation measurements the energy density was varied from 0.5 to 85 MW͞cm 2 with a dielectric attenuator ͑Laser Optik͒. For all other measurements the energy density was fixed to 15.5 MW͞ cm 2 . Fluorescence signals were collected at right angles to the laser beam and focused with an f ϭ 100 mm, f # ϭ 2 achromatic lens onto the entrance slit of a 500-mm imaging spectrometer ͑Chromex 500IS͒, which was equipped with a 300-groove͞mm grating operated in second order. For highly resolved emission spectra a 2400-groove͞mm grating was used. Spectral resolutions of 10 and 3 cm Ϫ1 ͞ pixel, respectively, were achieved. A narrow-band dielectric mirror ͑Laser Optik, highly reflecting at 248 nm, 0°, FWHM 10 nm͒ was used as a filter to reduce the intensity of Rayleigh Signal by 2 orders of magnitude. The dispersed fluorescence signals were detected with an intensified CCD camera ͑ICCD; LaVision FlameStar III͒. Each laser pulse yielded a complete emission spectrum with additional spatial resolution in the direction of the spectrometer slit. The signal acquired over the middle of the flame zone where temperature and concentration distributions are homogeneous 25 was averaged over 50 single shots. The signals emitted from the NO A-X͑0, 0͒, ͑0, 1͒, and ͑0, 3͒ bands as well as of the Rayleigh scattering were background corrected and included in the data evaluation. 
Results and Discussion

A. Limits of the Linear Regime of the NO LIF Signal
Many corrections applied when one is quantifying LIF signal intensities depend on the assumption of a linear response I LIF ϳ I Laser . In the completely saturated regime, on the other hand, the fluorescence intensity is independent of I Laser . However, the intermediate range is difficult to quantify and requires the consideration of time-dependent processes. The limits of the linear range of NO LIF on excitation at the O 12 bandhead in the A-X͑0, 2͒ vibrational band at 247.94 nm were investigated in lean premixed flames. Signal intensities as a function of laser power densities of as much as 85 MW͞cm 2 are shown for pressures of 1-20 bars ͑Fig. 2͒. For the lowpressure cases an apparent linearity can be seen only for the range of low laser power densities. The limits of this linear range are marked in the figure. Whereas at atmospheric pressure the limit is as low as 7.5 MW͞cm 2 for 20 bars and higher, no deviation from the linear response could be found throughout the whole range of laser power densities accessible in the setup. ͒, no big differences in their saturation properties and thus no strong deviation from the linear dependence on pressure is expected. The laser power densities given in Fig. 2 
B. Pressure Dependence of Excitation Efficiency
Excitation efficiencies depend on the spectral overlap g ͑ p, T͒ ͓relation ͑1͔͒ of the absorption spectra and spectral shape of the laser profile, which can be calculated by use of simulated or measured absorption spectra of NO. Fluorescence excitation spectra near the NO A-X͑0, 2͒ O 12 bandhead were recorded for various pressures and compared with simulated spectra. The pressure range shown in Ref. 3 was extended to 80 bars ͑Fig. 3͒. The pressure-dependent line-broadening coefficient 2␥ was found to be 2␥ ϭ 0.15 cm Ϫ1 ͞bar for flame temperature, which compares well with the data obtained from measurements in the NO A-X͑0, 0͒ band. 2, 14, 15 For pressures higher than 40 bars the spectral line-shape function of the NO absorption lines is expected to deviate from Lorentzian or Voigt profiles by showing an increasing asymmetry. 26 But within the experimental accuracy no significant deviations of the simulated and measured spectra were found when Voigt profiles were used for the simulation. same burner 27 it is known that from 5 to 40 bars the flame temperatures in the measurement volume decrease by 120 K because of compression of the flame and subsequent heat loss to the burner matrix. We implement this temperature change in the data shown in Fig. 4 by using the appropriate variations in ground-state populations.
Although the trend of the calculations follows the measured values, significant differences remain. The measured value at 1 bar was smaller than calculated, revealing partial saturation at the laser power density used ͑see Fig. 2͒ . At 20 bars the measured LIF intensities were significantly weaker than predicted. Possible reasons for this are additional signal attenuation, possibly caused by hot CO 2 ͑see Ref. 28 , or signal loss owing to deflection of signal light by thermal gradients in the high-pressure environment.
C. Pressure Dependence of Emission Spectra
A variation of the emission spectra with pressure can be expected as a result of collisionally induced RET in the excited state. 29 When narrow-band filters are applied for NO LIF signal detection, a variation in the spectral distribution of fluorescent light may cause a systematic pressure-dependent error. The increased number of collisions could lead to a broader distribution of the population of rotational levels within the electronically excited state. The overall effect is governed by the branching ratio RET͞Q determined by the rates of collisionally induced RET and quenching. Within a typical response time , which depends on the rates of all depopulation processes of each individual rotational state in the excited level:
steady state in the population of the level i is reached. 19 With Ͻ 0.3 ns for the cases considered here ͑ p Ͼ 5 bars͒, steady state can be safely assumed within the laser pulse duration of 7 ns. Inasmuch as both RET and Q depend on the collision frequency and therefore on pressure, under our experimental conditions no change in branching ratios with pressure is expected. Therefore the distribution of the population within the rotational manifold is pressure independent, which prevents the occurrence of pressure effects on the spectral signature of the fluorescence signal. This also implies that changes in fluorescence cross sections with pressure because of collisionally induced population of rotational states, which exhibit different transition probabilities, are not expected. Figure 5 shows the highly resolved emission from the ͑0, 1͒ band when the ͑0, 2͒ O 12 bandhead is excited at pressures from 1 to 40 bars. The signal intensities are normalized to account for different excitation efficiencies, as discussed above. However, no changes in the spectral distribution of emitted light due to increased RET can be seen according to the theoretical considerations cited above. Therefore no special corrections have to be made to account for variations in emission spectra with pressure. No indication of vibrational energy transfer ͑VET͒ in the excited state was found for the operating conditions under study, as we verified by using excitationemission charts. 3 For the NO ͑1, 6͒ band at 280 nm no measurable intensity was found. The A coefficient for the ͑1, 6͒ band is 4.38 ϫ 10 5 s
Ϫ1
, 30 which compares with 1.85 ϫ 10 5 s Ϫ1 for the ͑0, 5͒ band at 285 nm. With the signal-to-noise ratio of 8 for the ͑0, 5͒ band an upper limit for VET can be estimated. Less than 5% of the laser-populated level vЈ ϭ 0 could have been transferred to vЈ ϭ 1 at 40 bars, resulting in a VET cross section below 0.006 nm 2 .
D. Calibration by NO Addition
Calibrating semiquantitative data with a measurement by using known concentrations of the molecule under study is advantageous because in that way all effects of detection efficiency including filter transmission and collisional quenching are accounted for. Especially for two-dimensional imaging diagnostics, this fact can be of major importance. Even broadband fluorescence background from interfering species can be suppressed by use of the appropriate calibration algorithms. 31 However, when NO is excited from the second vibrational level, a source of hot NO has to be used to provide sufficient signal intensities. Doping NO to the unburned gases seems to be an excellent choice as long as the interaction between dopant and flame chemistry is small or can be quantified.
Significant reduction of NO concentration on doping into hydrogen and hydrocarbon͞air flames was discussed previously. However, it has been unclear in some experiments whether catalytic effects at burner matrices have caused additional NO reduction. 32 Cattolica et al. 32 reported that, after reductions in NO concentrations of as much as 40%, a linear correlation between NO LIF signal and NO dopant concentration remained. These data were obtained for very high doping levels ͑4000 -8000 ppm͒ in lean hydrogen͞air flames. Reisel and Laurendeau 33 used NO doping to calibrate LIF measurements in hydrocarbon͞air flames. They assumed that the interaction of NO with the flame is negligible at doping levels that are significantly higher than the natural NO concentrations in these flames. They cited simulation calculations that show that a reduction in doped NO concentrations of only 5% is expected in lean ͑ ϭ 0.9͒, C 2 H 4 ͞air flames.
In a spark-ignition engine fueled with propane͞air, measurements of the total NO reduction were carried out. 7, 34 NO concentrations were measured simultaneously in the intake and the exhaust with a chemoluminescence probe. At dopant levels of 1000 ppm a reduction in NO concentration of only 10% in the lean flame ͑equivalence ratio, ϭ 0.9͒ was found. Under fuel-rich conditions ͑ ϭ 1.25͒, reduction was increased to 40%.
Doping high concentrations of NO to the unburned gases may change the flame development and the flame temperature as well. In the same experiment no changes in engine performance were found at NO dopant levels up to 1500 ppm. Identical pressure traces to those in undoped NO showed that flame speed, heat release, and temperature are not significantly influenced by the seeding procedure. This indicates that the NO concentrations in those doped flames did not significantly alter the combustion process. At concentrations above 2000 ppm a significant reduction of peak pressures was found, indicating that the flame development was significantly changed.
When NO LIF was detected in an engine we observed that the increase in signal after 500-ppm NO was doped to the flame was significantly less than the measured increase in signal after an additional 500 ppm was added, to result in a total doping level of 1000 ppm. This result indicates that under engine conditions small amounts of doped NO are consumed more effectively, consistent with the findings in highpressure burner measurements presented here.
The dependence of NO LIF signals on NO dopant concentration was investigated in methane͞air flames at 1 and 10 bars and in prevaporized n-heptane͞air at 10 bars for several air-fuel ratios. Various quantities of NO were doped to the burn gases, allowing for measurements with the addition of 0 -1500 ppm of NO ͑10% NO in N 2 ͒. Figure 6 shows the dependence of NO LIF signal on NO dopant levels for lean ͑ ϭ 0.9͒, stoichiometric ͑ ϭ 1.0͒, and rich ͑ ϭ 1.2, 1.5, 1.8͒ flames. Strong variations of the signal dependences with NO concentration can be seen. For the lean and stoichiometric flames, linear regressions were taken from the range with dopant concentrations from 400 to 1300 ppm for reasons that we elaborate below. At 1 bar the slopes for the lean, stoichiometric, and slightly rich ͑ ϭ 1.2͒ flames are quite similar. At higher equivalence ratios the slope is significantly lower, showing a reduction of NO, which we attribute to reburn reactions. For 10 bars the onset of NO reduction ͑decreased slope of regression͒ can already be seen under slightly rich conditions, with further increases at ϭ 1.5 and ϭ 1.8. The linear trend lines for the lean and stoichiometric cases show similar slopes but different offsets. With n-heptane as the fuel, essentially the same results were obtained in lean and stoichiometric flames at 10 bars as with methane͞air. For the slightly rich n-heptane flame ͑ ϭ 1.3͒, however, NO seems to be reduced even more effectively than in rich methane flames with ϭ 1.5 and ϭ 1.8.
For small dopant concentrations the LIF signals are below the linear fit as described above, which indicates that there might be a potential of NO reduction that is effective and that may be related to the concentration of specific reaction partners that react effectively with NO. At higher dopant concentrations this pathway of NO destruction seems to be saturated, allowing more NO to survive and leading to a small overall reduction of NO concentrations, as observed in the engine experiments cited above. This behavior leads to a slightly delayed increase of NO LIF signal intensities with NO dopant concentration. This effect can be seen in Fig. 7 , where the NO LIF signal is divided by the quantity of seeded NO. This normalized signal would have been invariant with NO concentration if no change in the interaction with flame chemistry were present. However, it can be seen clearly that strong deviations from this assumption occur at low concentrations, whereas the horizontal line is reached at higher concentrations. The slight decrease at NO dopant concentrations above 500 ppm can be attributed to cooling of the flame by dilution of the flame gases with dopant gases ͑0.5 vol. % at 500 ppm͒.
The steep slopes that are found in Fig. 7 at smaller NO concentrations, which seem to be increasingly severe at 10 bars and with burning n-heptane ͑en-ginelike conditions͒, indicate that evaluating the signal increase on addition of small quantities of NO for calibration purposes may be misleading. The nonlinear dependence of LIF signal on added NO concentration is the reason that the regression analysis in Fig. 6 was performed only over a limited NO concentration range, as we mentioned above. Using the slope of this regression for calibration eliminates background effects that are due to both initial NO destruction and natural NO formation.
E. Dependence of Collisional Quenching on Equivalence Ratio
The NO fluorescence quantum yield is dominated by collisional quenching and thus depends on the local gas composition and temperature. Calculations 35 have shown that behind the flame front the overall quenching rate is constant within 5% and is close to the rate that can be calculated for equilibrium gas compositions. Quenching in the burned gas region thus depends on air͞fuel ratio and temperature. To evaluate whether the measurements shown above are influenced by changes in quenching, we calculated quenching rates for equilibrium burned gas compositions of flames at several air͞fuel ratios as a function of temperature. 36 Calculations were carried out for methane͞air and n-heptane͞air flames at different equivalence ratios for 10 bars. Temperature dependences of quenching cross sections were taken from models of Paul et al. 11, 12 The dependence of the resultant quenching rates on the air͞fuel ratio and on temperature is small ͑Fig. 8͒ within the range that is relevant for our experiment. 
F. NO Fluorescence Trapping and Signal Absorption
The results presented above might be influenced additionally by fluorescence trapping, which could result in a reduced detection of NO LIF signal owing to absorption at high dopant concentrations. Because of the negligible population in the vЉ ϭ 3 level ͑Ͻ2% at flame temperatures͒ the LIF intensity ratio recorded from the ͑0, 0͒ and the ͑0, 3͒ bands therefore allows us to check for influences of fluorescence trapping. Figure 9 shows the ratio of signal intensities I LIF ͓NO͑0, 0͔͒͞I LIF ͓NO͑0, 3͔͒ for the whole range of NO dopant concentrations. No dependence of the ratio can be seen, indicating that at NO concentrations of as much as 1300 ppm fluorescence trapping by NO is negligible. For 10 bars the ratio is reduced independently of the NO concentration, indicating broadband absorption of the short-wavelength spectral range as shown in the engine experiments, 4 probably caused by hot CO 2 . 28 A comparison of signal ratios obtained from the ͑0, 0͒ and the ͑0, 3͒ bands at 1 and 10 bars permits calculation of absorption as long as the spectral dependence of absorption coefficients are known. These data are taken from absorption measurements in engine combustion. 4 The relevant absorption coefficients for 259, 237, and 226 nm ͓emission wavelengths of the NO ͑0, 3͒, ͑0, 1͒, and ͑0, 0͒ bands͔ have When the experimentally obtained signal ratios are divided for 1 bar and p ϭ 10 bars, the ratio I 259 0 ͞I 226 0 cancels. With the data shown in Fig. 9 , k is calculated to be 1.51 ϫ 10 Ϫ5 mol cm Ϫ2 bar
Ϫ1
. Therefore with ε 237 ϭ 1470 cm 2 ͞mol absorption at 237 nm can be calculated for pressure p by
The transmissions obtained are 98%, 89%, 80%, and 64% at 1, 5, 10, and 20 bars, respectively. These data are used to correct LIF intensities in Fig. 4 .
Conclusions
We used measurements in laminar high-pressure flames to investigate a calibration procedure and collisional influences on NO LIF to yield further information necessary for quantifying NO LIF A-X͑0, 2͒ intensities measured in technical combustion systems such as internal-combustion engines. The range of the linear fluorescence regime was investigated; with laser power densities of 15 MW͞cm 2 -as are frequently used for light-sheet measurements with narrow-band excimer lasers-a pressure of 5 bars or more can be assessed without deviation from the linear dependence of signal intensities on laser power densities, thus allowing for data corrections for laser energy and pressure effects.
Simulated NO LIF spectra were compared with measurements up to 80 bars. Line-broadening coefficients were found to be 0.15 cm Ϫ1 ͞bar at flame temperature. The variation of NO LIF intensity with pressure was shown to be in good agreement with calculated data from spectral simulations within the error margins of the experiment. The spectral shape of the emission pattern was shown to be independent of pressure within the measured range up to 40 bars. This result proves that the effects of RET and collisional quenching cancel. No measurable influence of VET was found. The VET cross section can be estimated to be less than 0.006 nm 2 . A calibration technique for transporting the semiquantitative data obtained after the corrections mentioned above are applied to fully quantitative values is suggested that uses NO doping of the unburned gases. We assessed the interaction of NO and flame chemistry by measuring the dependence of NO LIF signal intensity as a function of added NO concentration for various pressures and equivalence ratios in methane͞air and n-heptane͞air flames. As expected, under fuel-rich conditions the NO concentration is strongly reduced by reburn reactions, indicating that the calibration has to be performed under stoichiometric or lean conditions. Whereas at atmospheric pressure the LIF response under slightly rich conditions is similar to that in the stoichiometric case, at 10 bars the onset of drastic reduction of NO is shifted toward stoichiometric conditions. Additionally, even under stoichiometric and lean conditions it has been shown that with small dopant levels significant deviations from the linear response are present, indicating an efficient mechanism for removing NO. The range of dopant concentrations in which this deviation was observed was found to be larger at 10 bars than at atmospheric pressure. A further increase was found with the flames fueled with n-heptane instead of methane. At higher dopant levels in lean flames, this pathway of NO reduction seems to be saturated, thus giving a linear increase of signal intensity with dopant concentration. Influences of fluorescence quenching and fluorescence trapping on these measurements were investigated and have been shown to be negligible under our experimental conditions. From these findings for calibrating NO LIF measurements in enginelike environments we suggest adding NO to the lean-burning flame. Under these conditions the range of small dopant levels ͑below 200 ppm͒ should not be taken into account. Also, dopant levels above 1500 ppm can affect the combustion process itself. For the concentration range from 200 to 1500 ppm the slope of the NO LIF increase with increasing NO dopant concentration should be measured and applied when one is calibrating NO LIF signal intensities measured in an unseeded flame.
